Summary. The adhesive glycoprotein fibronectin has been proposed as a mediator of adherence of certain gram-positive cocci to host cells and fibrin thrombi. This study compared the role of soluble and immobilised fibronectin in the adherence of coagulasenegative staphylococci (CNS) and Staphylococcus aureus to fibrin thrombi and plastic surfaces. Adherence of S. epidermidis to fibrin thrombi was significantly reduced when fibronectin was removed from the plasma used for thrombus preparation. Adherence was restored through restitution of fibronectin. S. epidermidis also adhered substantially more to plastic surface coated with fibronectin than to non-coated plastic. Increased adherence of CNS to plastic was also observed after coating with the 29-kDa N-terminal fragment of fibronectin. Soluble fibronectin did not affect the adherence of CNS to fibrin thrombi or plastic surfaces. The adherence of S. aureus to fibrin thrombi was significantly increased by the addition of soluble fibronectin, but not by incorporation of fibronectin into the clot. These results indicate that the binding of fibronectin is an important factor in the adherence of staphylococci to fibrin clots and plastic surfaces and, thus, colonisation of these surfaces. However, the two species of staphylococci seem to employ different mechanisms of fibronectin-mediated adherence : S. epidermidis interacts mainly with fibronectin incorporated in fibrin clots or immobilised on implanted synthetic materials, whereas S. aureus adheres to the fibrin matrix through binding of soluble fibronectin present in wound exudates.
Introduction
Coagulase-negative staphylococci (CNS) have emerged as important nosocomial pathogens. Among CNS, Staphylococcus epidermidis is the species most frequently isolated from clinically relevant infections.' Coagulase-positive S. aureus is a major wound pathogen in man, and accounts for 50 YO of the bacteraemias caused by the insertion of peripheral catheter^.^'^ It is generally accepted that staphylococcal virulence is related to its ability to adhere to, and subsequently colonise, host tissues or implanted materials. Bacterial adherence represents, in most cases, a specific interaction between so-called adhesins of the bacterial cell wall and complementary structures on the eukaryotic target cell. 4 The factors that mediate staphylococcal adherence and allow subsequent colonisation are still poorly defined. Surfaces to which staphylococci must adhere to initiate infections are primarily the fibrin clots formed immediately at an injured site or on the surfaces of inserted catheters and post-operative wounds, and the plasma-coated surfaces of implanted prosthetic devices.
Fibronectin is a major glycoprotein component incorporated into the fibrin matrix during formation of blood clots5 and also constitutes a substantial component of the plasma proteins that rapidly coat synthetic materials after Certain staphylococcal and streptococcal species are capable of interacting with soluble plasma fibronectin as well as with fibronectin immobilised on host cells or synthetic materials'** and it has been suggested that these interactions might play a central role in the adherence of gram-positive cocci.'* lo However, studies on the adherence mechanisms of S. epidermidis, have focused mainly on the role of the extracellular slime substance and not on fibronectin, since CNS have little or no affinity for soluble fibronectin."' l 2 On the other hand, it is known that fibronectin in a soluble form is different from fibronectin incorporated into a clot or immobilised on to a surface. 13 Conflicting data have been published concerning the contribution of fibronectin to the adherence of S . aureus to fibrin clots. Toy el a1.l' reported that S. aureus adhered to fibronectin incorporated into fibrin thrombi but did not find any effects of fibronectin on CNS adherence to fibrin clots. However, other studies indicated no substantial contribution of incorporated fibronectin to the adherence of S . aureus to fibrin thrombi.15*16 This prompted the present study, in which the role of soluble and immobilised fibronectin in the adherence of CNS and S. aureus to fibrin clots and plastic surfaces were compared.
Material and methods

Bacteria
A total of 34 staphylococcal strains was used in the study. Of these, 20 were clinical isolates from blood cultures or vaginal smears, comprising 10 each of S. aureus and S. epidermidis, which were identified by the API-Staph system (bioMkrieux, Marcy-I'Etoile, France). The other 14 strains were CNS obtained from the German Culture Collection (DSM) and comprised two each of the species S. (DSM 20038, 20229) . In addition, 12 clinical isolates, eight of Streptococcus pyogenes and two each of S. intermedius and Str. agazactiae, were included in this study. All bacteria were cultured in Todd-Hewitt Broth (Oxoid) for 18 h at 37 "C and harvested by centrifugation (20 min, 10000 9). After washing twice in 0-15 M phosphate-buffered saline (PBS), pH 7-5, bacterial suspensions containing 1 O9 cells/ml were prepared.
Binding assays
These were performed essentially as described previously for streptoc~cci.~' Fibronectin was purified from human plasma by affinity chromatography according to the method of Miekka et a1.l' and labelled with 1251 as described by Hunter and G r e e n w~o d .~~ The specific activity of labelled fibronectin was 3.15 mCi/mg of fibronectin. Binding was performed with 2 x 10' staphylococci and 15 ng of labelled fibronectin for 45 min at room temperature. 
Adherence experiments
Bacterial adherence to fibrin clots and plastic surfaces was quantified in a fluorometric micro-assay which was developed recently in our laboratory. 20 The role of incorporated fibronectin in staphylococcal adherence to fibrin clots was studied by preparing clots from either untreated human plasma, plasma which had been depleted of fibronectin by affinity chromatography over a gelatin-agarose column, or depleted plasma which had been repleted with fibronectin. Bacteria were labelled with FITC20 and added to the clots at 10' cells/well. Non-adherent bacteria were removed after 45 min by washing, and adherence was quantified by fluoroscanning as described previously. 16 Preliminary studies showed that labelling of staphylococci with FITC had no significant effects on their fibronectin binding and adherence capabilities.
To determine staphylococcal adherence to plastic surfaces, FITC-labelled staphylococci (10' in 100 pl of PBS/well) were added directly to microtitration plates (Nunc, Roskilde, Denmark) which had been coated with different amounts of purified fibronectin (0.04-25 pglwell) or PBS for 16 h at 4 OC, followed by treatment with PBS or PBS containing bovine serum albumin (PBS-BSA) 1 YO for 1 h to block non-specific attachment. After incubation for 1 h at 37 "C, the wells were washed four times with PBS and the plates were fluoroscanned. 16 In parallel experiments, plates which had been coated with different amounts of BSA (0.01-10000 pg/well, 16 h at 4 "C) and then treated with indicated concentrations of fibronectin before determining adherence were used. To evaluate the role of soluble fibronectin in staphylococcal adherence, lo9 staphylococci were incubated with 100 pg of purified human plasma fibronectin for 45 min at room temperature, washed with PBS, sonicated for 3 s to disrupt clumps and used for adherence tests. All experiments were done in quadruplicate and results were expressed as mean numbers (and SD) of adherent bacteria.
Quantijication of proteins bound to plastic surfaces by ELISA
These studies were designed to determine the efficiency of fibronectin coating of non-coated and BSAcoated plastic surfaces, as well as to determine the degree of binding of fibronectin, fibrinogen, albumin and a,-macroglobulin to plastic surfaces after plasma coating. Microtitration plates were coated with albumin, fibronectin (as described earlier), human plasma (50 pullwell) or PBS (control) for 16 h at 4 "C, washed twice with PBS, and non-coated surfaces were blocked with PBS-BSA or PBS-Tween (0.1 Yo) for 1 h at 37 "C. After washing twice with PBS, bound proteins were detected with peroxidase-labelled antibodies against fibronectin, fibrinogen, albumin or a, macroglobulin (diluted 1 in 500 in PBS; DAKO, Hamburg, Germany). After washing four times in PBS, reactions were visualised by adding substrate solution (9 mM 3-dimethylaminobenzoic acid and 0.6 mM 3-methyl-2-benzothiazolinon-hydrazone-hydrochloride-hydrate in 0.1 M citric phosphate buffer, pH 5.0, containing H20, 0.03 YO) 100 pllwell. Reactions were stopped after 10 min with 4 mM sodium azide and plates were read at 540 nm in a microplate autoreader (Bio-Tek Instruments, Winooski, VT, USA). Results were expressed as mean (and SD) A540 readings obtained from quadruplicate experiments. In parallel, standard curves were constructed by coating plates with twofold dilutions of the respective proteins.
Adherence experiments with fibronectin fragments
Purified fibronectin was fragmented by thrombin digestion into a 29-kDa N-terminal and a 210-kDa Cterminal fragment as described previo~sly.~~ Both fragments were compared with intact fibronectin in terms of their capability to mediate staphylococcal adherence to fibrin clots and plastic surfaces. For this, adherence experiments were performed as described above with equimolar concentrations of fibronectin fragments and intact fibronectin, i.e., 0.68 pmollml for repletion of fibronectin-depleted plasma, 2-26 pxnoll lo9 staphylococci for the pre-treatment of staphylococci before adherence, and 0.1 13 pmollwell for the coating of plastic surfaces.
Results
Binding of staphylococci to soluble fibronectin
Binding was determined with soluble, '251-labelled fibronectin purified from human plasma. Only S. aureus bound substantial amounts of fibronectin (1 8 O/ O binding activity). None of the CNS tested had binding activities exceeding 5 YO, which is generally considered as non-specific background binding.
Adherence of staphylococci to jibrin thrombi
The adherence of several potential wound pathogens to fibrin clots was compared. Substantial adherence was observed with S. aureus, S. epidermidis and Sir. pyogenes-60, 58 I and 57( x 10') adherent bacteria, respectively. S . intermedius and Str. agalactiae, species known to have very low binding activities for fibronectin, showed a much weaker adherence to fibrin thrombi (table) .
Role qf:fibronectin in staphylococcal adherence to Jibrin thrombi
Five randomly selected clinical isolates each of S. epidevmidis and S . aweis were tested. All S . epiderrnidis isolates adhered significantly less to fibrin clots that had been prepared from fibronectin-depleted plasma than to clots prepared from normal plasma. Mean adherence reduction caused by. fibronectin depletion was 45 O h . Reduced adherence was almost completely restored after repletion with fibronectin ( fig. la) . However, the mean adherence of five S. aureus clinical isolates was almost identical in terms of fibronectin-depleted thrombi and clots prepared from normal or fibronectin-repleted plasma ( fig. 1 a) . The effects of soluble fibronectin on staphylococcal adherence to fibrin thrombi were also studied, since fibronectin is available to bacteria as a component of wound exudates in oivo. Staphylococci were incubated with 100 p g of plasma fibronectin/ 1 O9 bacteria before adherence experiments. As expected, adherence of S. rpiciermidis, which did not bind fibronectin in the binding assays, was not affected by prior incubation with soluble plasma fibronectin. However, S. aureus showed an increase of adherence to fibrin thrombi after incubation with fibronectin ( fig. 1 b) .
In parallel experiments with incorporated as well as soluble fibronectin fragments, neither 29-kDa Nterminal nor 2 10-kDa C-terminal fragment had any significant effect on the adherence of either staphylococcal species to fibrin clots.
Role of fibronectin in staphylococcal adherence to plastic surfaces
The adherence of several CNS species was tested and a 90 YO reduction of " non-specific" adherence was observed when plates had been blocked with PBS containing BSA 1 Yo. After blocking, CNS adhered in numbers up to 1 0-fold higher to fibronectin-coated plates than to non-coated plates ( fig. 2 ). Plates were coated with increasing fibronectin concentrations (0-04-25pg/well) to confirm that the increase of adherence was specifically mediated by fibronectin, and the adherence of S. epidermidis and amounts of fibronectin bound to plastic were determined in parallel. The increase of staphylococcal adherence and concentration of fibronectin immobilised on the plastic surface showed a strong correlation ( fig. 3) . Similar experiments were done with plates that had been coated with BSA at increasing concentrations and then treated with fibronectin, but no significant effect on the subsequent binding of fibronectin and adherence of S. epidermidis was observed. Results obtained by ELISA confirmed that BSA-coating of plastic surfaces reached saturation with 1 pglwell, which is 0.1 YO of the concentration used for blocking. It was also found that plasma coating of plastics was almost as effective as purified fibronectin in facilitating adherence of CNS (data not shown). With equimolar concentrations of fibronectin fragments used for coating plastic surfaces, only the 29-kDa N-terminal fragment enhanced adherence of CNS to plastic ( fig.  4) . Adherence experiments were also performed with PVC instead of polystyrene microtitration plates to compare the effects of different synthetic materials on the adherence of CNS. No difference was observed, except that CNS adherence was about two-fold higher to non-coated polystyrene than to PVC without BSA blocking.
Attachment offibronectin, albumin, fibrinogen and a macroglobulin to plastic after plasma coating
Analysis by ELISA of plastic surfaces coated with human plasma 50 pl/well showed that fibronectin, albumin, fibrinogen and a, macroglobulin all bound to the plastic surface, with fibrinogen binding most and fibronectin binding least. However, in terms of the physiological concentrations of these plasma proteins, the fibronectin which bound to plastic represented c. 30% of total plasma fibronectin whereas the binding of fibrinogen was 10 YO, and that of albumin and a, macroglobulin was 5 YO.
Discussion
In recent years, staphylococci have emerged as a cause of major nosocomial infections associated with post-operative complications and the use of intravenous catheters and prosthetic devices. The initiating event in such infections is the specific adherence of the organisms to blood clots and implanted or inserted foreign materials. A number of adhesive plasma proteins such as fibronectin, fibrinogen and vitronectin which are present on many host cell surfaces have been proposed as bridging molecules in the adherence of pathogenic cocci.20-22 These proteins are also major components of fibrin clots formed at an injured site and may form a " conditioning layer " on the surface of synthetic materials exposed to blood or tissue fluids after implantation or insertion.6. 23, 24 Recently, a mediatory role of fibronectin in streptococcal adherence to fibrin thrombi was demonstrated16 but this study could not confirm the results of Toy et al.14 on the involvement of fibronectin in S. aureus adherence. In both studies fibronectin incorporated into the clot was used, but not soluble fibronectin. However, it is known that fibronectin immobilised on surfaces may exhibit binding characteristics for bacteria that differ from those of soluble fibronectin.**13 In the present study, it was shown that CNS, although considered to be unable to bind to fibronectin, possessed significant affinity for fibronectin incorporated into fibrin thrombi or immobilised on plastic surfaces. Soluble fibronectin had no effect on CNS adherence to fibrin clots or plastic. In contrast, all clinical isolates of S. aureus tested bound soluble fibronectin, and pretreatment with soluble fibronectin increased their adherence to fibrin thrombi. Interestingly, S . aureus showed almost no binding to fibronectin incorporated into clots. The different binding characteristics of CNS and S. aureus for soluble cersus incorporated and immobilised fibronectin presumably reflects conformational differences, since soluble fibronectin appears to be a globular protein. whereas during immobilisation the two arms of the fibronectin dimer unfold completely.2*'
Like most fibronectin-binding bacteria, S . aureus recognises the N-terminal region of fibronectin, although it also binds to a second domain in the Cterminal part.26 Fibronectin can be cleaved by thrombin into two fragments, a 29-kDa N-terminal and a 210-kDa C-terminal fragment, each of which contains one of the binding sites." Such fragments were used to localise the binding site responsible for the adherence of staphylococci to fibronectin in fibrin clots and immobilised on plastic. It was found that when immobilised on to plastic surfaces, only the 29-kDa N-terminal fragment enhanced adherence of both CNS and S. aureus to almost the same extent as intact fibronectin. This indicates that both staphylococcal species might interact with similar binding sites in fibronectin immobilised on to plastic surfaces. However-, neither incorporated nor soluble 29-kDa fragment affected staphylococcal adherence to fibrin clots, which suggests that the 29-kDa fragment might exhibit different conformational and binding characteristics, as has been discussed in a recent study on intact fibronectin. l a In rice, implanted or inserted synthetic materials are readily covered by plasma proteins.24 Therefore, it was of interest to determine whether plasma fibronectin would be available in sufficient amounts after plasma coating of plastics. We found by ELISA that c. 30 O h of the fibronectin normally present in plasma remains bound to plastic surfaces after plasma coating. Other major plasma proteins such as albumin, fibrinogen or a2 macroglobulin bound to a much lower extent in relation to their physiological concentrations. Since albumin is a major blood protein which might influence coating of implanted synthetic materials by fibronectin and adherence of staphylococci in t'ityo, the effects of albumin on fibronectin coating and adherence were further analysed. In agreement with other we observed that albumin had a very significant blocking effect on staphylococcal attachment to non-coated plastics. However, fibronectin bound to nearly the same extent to albumin-coated and non-coated plastic, thereby permitting a similar increase of CNS adherence. Recently, Vaudaux and co-workers reported that different inserted materials reacted similarly with respect to their coating by host proteins. 6 We also found no differences between polystyrene tissue culture plates and PVC plates (which were compared in some experiments), except that without prior BSA blocking, staphylococcal adherence to non-coated surfaces was up to two times higher with polystyrene than with PVC plates. Recently, Muller et a1. 28 reported that they could not observe a role of plasma proteins in adherence of CNS to plastics. However, their adherence studies were done without the albumin normally present under physiological conditions. In the absence of albumin, CNS show such a strong adherence to plastics that quantification of adherencemediating effects of plasma proteins may be very difficult. Our results showed that CNS, although generally known to have almost no affinity for soluble fibronectin, can adhere to blood clots and synthetic materials through interactions with immobilised fibronectin. This could be of importance for the initiation of catheter-related CNS infections since implanted or inserted materials may cause blood clotting and are readily covered by plasma proteins such as fibronectin. On the other hand, the preferential adherence of S. aureus for blood clots through soluble fibronectin suggests that these bacteria as primary wound pathogens might use soluble fibronectin present in wound exudates for their adherence to an injured site.
